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ABSTRACT

A new theory of magnetic amplifier opera-
tion, developed atthis Laboratory, is presented.
An elementary quasi-mathematical approach is
usedtodemonstrate theapplicationof this theory
to known circuits. The method of analysis is
also used to demonstrate a few of the new cir-
cuits which have been predicted by utilization of
this newtheory. These circuits have character-
istics which are, in many ways, far superior to
those of the magnetic amplifier circuits in use
today.
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ON THE MECHANICS OF MAGNETIC AMPLIFIER OPERATION

INTRODUCTION

There have been many analyses of magnetic amplifiers presented in the literature,
many showing remarkably close check with experimental results, But there still seems
to be room for a discussion of the mechanics of amplifier operation as nearly devoid of
mathematical elegance a3 possible, This paper is essentlally an effort to “talk through”
an analysis of magnetic amplifier operation, More exacting mathematical analyses based
upon the concepts presented herein are being prepared by this Laboratory and will be
published as they are concluded.

In order to provide understanding rather than a method of general mathematical
solution, a semidescriptive or quasi-mathematical technique is utilized. Since this pro-
blem is quite complex, “exact” mathematical prediction seldom leads to a clear picture.
This report is designed to give such a picture of the physics of magnetic amplifier oper-
ation and to give examples of the usefulness of the fundamental concepts. It will seem
light reading to many of our mathematically minded scientists — that is the author’s aim.
It is hoped that this presentation will answer many of the questions raised by the engineers
in this field who seldom have the time available to analyze the general solutions published
in the literature. A further object of this report is the introduction of examples of certain
new magnetic amplifier circuits developed as a direct result of this study.

In this report certain magnetic amplifier circuits will be illustrated and their circuit
equations presented subject to certain assumptions. The equations will be interpreted in as
clear a manner as the author thinks possible and some conclusions will be drawn. Since
the mathematics of analysts of magnetic amplifiers is quite complex as viewed from con-
tinuous theory, a clearer period-by-period interpretation will be pursued during which
periods the equations may be considered as a continuous, elementary, and reasonably
accurate representation of the phenomena. The two periods which will be used are those
(a) during which the amplifier output current is large (conducting period} and (b) during
which the amplifier output current is of the order of the magnetizing current (nonconducting
period), Equivalent circuits for each period will be set up. The final conditions of one
period will represent the initial conditions of the following period.

The two assumptions utilized in this analysis are (a) ideal magnetization curves for
the core materials (Figure 1), and (b) ideal rectiflers. The best core materials and recti-
fiers manufactured today rather closely approximate these assumed conditlons. A resistive
load impedance will be used for simplification of the mathematics.

The conclusions drawn from these elementary considerations will form a basis for
predicting the performance of examples of certain novel circuits which will have properties
of an unusual nature, Practical discussion of these circuits is beyond the scope of this
report and will be presented elsewhere.
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A relation will be derived {in an elemen-

== “ﬁ} %: tary manner) between the response time of
= . =| .— magnetic amplifiers and the factors which
=% & )= ’I = influence this phenomenon. A rectified sinus-
== S!S 2 oldal signal will be used to avoid the consid-
= =) = eration of certain transcendental equations

EE L which would arise in the case of a dc signal.
01703 50 f0D The resulting expression will be a sequence
WNF (ARBITRARY UNMiTS) whose terms will approach a final value in the
nth term. The number n will directly measure
the response time,andthe final value in the

sequence will be the steady-state firing angle
for the output current.

There will be presented a discussion of
the function of the control voltage in magnetic
amplifier operation. It will be shown that the
control source need never supply the power for the amplifier control. The energy storage
in the amplifier cores in steady-state operation can be supplied entirely from the ac power
source, The result is a very efficient amplifier with response time of approximately one-
half cycle. Remarks regarding power gain will be difficult to interpret since the control
source will never be required to supply any power to the amplifier c¢ircuit.

Figure 1 - Ideal magnetization curve

This approach to the magne‘tic amplifier problem has resulted from a recognition of
the fact that the magnetic amplifier is a voltage-sensitive device and not, as generally
believed, a current-sensitive device. The only truly independent variable is the control

voltage. Of course control means which are ®current sources” provide exceptions to these
remarks.

CONCERNING THE “SIMPLE” SERIES MAGNETIC AMPLIFIER

Two Transformers and One Transformer

The simple series amplifier shown schematically in Figure 2 consists of a pair of
singie-phase transformers ! and II connected in series in the primary or output circuit
and energized from an ac source E, . in series with a load cireuit impedance B;,. The sec-
ondary or control circuit has the two transformer secondaries connected in series oppo-

sition (for ac voltages of fundamental frequency) in series with a control circuit resistance
R; and a control voltage source E, .

The equations for this circuit configuration are:

Esc = EI + EH + LLRL (Primary Circuit) (1)

NE; = NEyy + E. - 1R, {Secondary Circuit) (2)

where E;and Ej; are the primary voltages on transformers I andII respectively, §j and 1,

are the primary and secondary currents respectively,andN is the ratio of secondary turns
to primary turns,
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However, during the periods of time during which transformer cores I and II are
unsaturated simultaneously, currents j and I, are assumed quite negligibly small (Fig-
ure 1). During these periods the circuit equations become from (1) and (2):

E,. - B+ Ey (Primary Circuit) (3)

ac
NE[ = NEy; + E. (Secondary Circuit) (4)

This will be called the nonconduction period. The equivalent circuit for this period is
shown in Figure 3.

Whenever either transformer core is saturated, the primary and secondary voltages
of that transformer ideally cease to exist and currents];, and I can no longer be neglected.
If core I is saturated, the circuit equations become from (1) and (2):

{Primary Circuit) (5
O0=NEj+E_-1R_. (Secondary Circuit) (6}

The output current); must equal the reflected control current NI_,for core II remains
unsaturated and can have no net ampere turns beyond that needed for magnetization, This
period of time will be called the conducting period. The equivalent circuit for this period

is shown in Figure 4. If core II is saturated (negative half-cycle of ac voltage) the circuit
equations become from (1) and (2):

Enc = Ey + 1 R (Primary Circuit) (N

ac

0=-NE; +E_-IR, (Secondary Circuit) (8)

where ip equals (-) NI_.. Another equivalent circuit like that of Figure 4 would redundantly
represent this,



4 NAVAL RESEARCH LABORATORY

A Matter of Timing

I I
,L :rc To say that the equations listed above are
E AC o+ , R ¢ the only ones to be observed would hardly tell
the whole story. One must determine when
R each is to be used. In setting up the equations
L +g it was stated that one set of equations was for
Q- the periods during which both cores were un- ,
- - saturated simultaneously (nonconducting period)
NE I and the other set was for the periods during
which either one of the cores was saturated
{conducting period). It is clear from the above
considerations that the flux level in both cores
Figure 4 - Equivalent circuit for conducting must be known at all times if the equations are
period {core 1 saturated) to be useful.

+ +

There exists only one fundamental rela-
tion between magnetic flux and the electrical
quantities one can conveniently measure. This relation between rate of change of flux and
applied voltage was first published by Faraday and has been subsequently called Faraday’s
Law of Electromagnetic Induction. It is this relation which will be used here.

Since the equations being used inthis report concern only voltages and currents it is
deemed advisable for clarity to keep this magnetic flux measurement in the same units.
This will avoid the confusion associated with the introduction of a magnetic quantity. The
integral of the voltages E; and Ej; will measure flux changes in their respective cores. The
transformer core will be saturated when the integral of its terminal voltage attains a value
in volt-seconds equivalent to that which may be stored by the transformer. A convenient
measure of this value is obtained from the ac source voltage E__ which time integral over ,

a half-cycleis equivalent to the volt-second storage of both cores. That is to say 1/2 _ng E . d

will be the volt-second capacity of one transformer core on a traverse of flux from its
negative maximum value to its positive maximum value. The term 1/% is the time of one
half-cycle of ac supply voltage where f is the line frequency in cycles per second. These
amplifiers are regarded as being supplied from an ac source which voltage is the maximum
that can be applied and still keep the cores from saturating at any time due to ac alone,

Since I = NI, elimination of Ejfrom (5) and (6) gives

(Eac *%"(2% * RL)L : )

From this relation it is apparent that the output current will lag the ac voltage by an angle
dependent upon the voltagesE,_and E_when E_ is a constant de voltage. This lag can be
eliminated by utilization of a rectified ac voltage for E, whose frequency and phase is the
same as that of the ac source. This type of control voltage is in very wide use and is
almost indistinguishable from dc control with the same average voltage. This step results
in quite a simplification when one recognizes that the initial instant of each period of
operation is now clearly defined. The conducting period begins when one of the cores

saturates; the nonconducting period begins when the ac voltage reaches zero.

;n. all problem.s involving definite integrals some set of initial conditions must be
specified —a s.tart}ng point. The author has chosen the no-load condition (E_ = &) sufficiently
long after application of the ac voltage E,. so0 that all transients due to the application of
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ac have ceased to exist. At this time the amplifier is operating according to (3) and (4)
with E; = E;, E_ =0 and both E and Ej simultaneously equal to 1/2 E_ . Since the cores
are identlcal and the two transformers are in series, the magnetizmg currents are identical

and flow in the primary circuit,

he flux in the cores is swinging from knee to knee on the magnetization curves 90°
behind the ac voltage wave (i.e., maximum flux deviation at zero apphed voltage) and the
magnetization current is exactly that indicated by the magnetization loops. These relations
are shown in Figures 5 and 6. When E,_ is zero and going positive the line current is zero
and the fluxes in the cores are at points A. Subsequently, the ac voltage becomes positive,
the current I assumes the values at B and continues to increase according to the magneti-
zation loop (proportional to ¢) until §_  approaches zero at which time I attains the value
at C and becomes zero at D. During the succeeding negative half~cycle the line current
assumes the values at E, F, and when E,_ becomes zero, A. Since the magnetization loops
are identical, § + NI, a.nd I - NI, are equal and I =0 w1th E, =0 no matter how “fat” the
magnetization loop. ‘A currentl, can only flow when there is a difference in magnetization
level between the two cores and therefore the magnetization currents are carried by the
primary circuit as the quiescent current. This is a reasonably accurate picture of the

relations existing with E_ - ¢.

The exact instant of application of E_ will be designated as point A, when £__ is zero
and E is positive — the beginning of a nonconducting period. Time will be called zero at
this instant and will attain a value 1/2f second at the end of the half-cycle; at the beginning
of each half-cycle time measurement will be zero.

The Magnetizing Voltages

Equations (3) through (8) show the voltage and current relations existing in the simple
series magnetic amplifier in nonconducting and conducting states. From these equations
expressions for the magnetizing voltages E; and E;; may be derived.
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= =
——d —d
| T | .
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= I+ NIg) Ny S (IL=NIg)Np
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— =
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* GORE I GORE IT

Figure 5 - Magnetization loops showing instantanecus #¥F for £, =
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During periods of nonconduction (3)

E and (4) are applicable. Solution of these
/“\/ AC equations gives:
E
1
B =y (E * ‘ﬁ)

d TOTAL
@I“-'q)n\

—
=
lmal
|
R
[eal

3
ac - N

Since all subsequent calculations will
-“M E_' involve only a hali-cycle at a time, it
will be convenient to work with magnitudes

Eq =3

" ‘ without regard to direction. The equations
¢ for the nonconducting period become:
8 -/‘\ IL+ NIc !E | -1 [E +|5=_|_] (Core I proceeding to
i D A _ 1 2 ac saturation),
E TIME— ) [ Eﬂ] (Core I deviating from
c |EH‘ Y Foef - saturation},
R _ . during the positive half-ecycles., During
A A the negative half-cycles:

[Ee)

- ] (Core I deviating from
saturation),

;J L_l] (Core II proceeding to
Eq saturation).

E

ac

E THE= L
|E1| )
L]
TIME~ [l T [e
During periods of conduction with core

I saturated (positive half-cyele of ac volt-

age) Equations (5) and (6) yield:

Figure 6 - Wave shapes of voltage, magnetic
flux, and current with £ =0

NRL
ac) ]1
= c
Eu‘ =
N'Ry.
R

c

E

In summary:

(1} Either core proceeding to saturation will have :

. &1}
5 volts (10)

‘EI| ihll| “513 [Eac

across its primary terminals in such a direction as to produce the
desired saturation.
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~—

. Ef—‘:l volts. (11)

(3) Either core deviating from saturation during a conducting period

will have:
. oney e
E " ——————
t- ag Rc It (12)
\Ell =1EII| = L volis
1+ R L

across its primary terminals in the appropriate direction.

Since the subsequent calculations will begin and end within a half-cycle the use of
magnitudes will not prove cumbersome. The symmetry of the expressions for E; and Ey
during conducting and nonconducting periods will, however, prove extremely convenient,

Concerning Transients

In the preceding discussion a review of the circuit equations of the series magnetic
amplifier indicated two modes of operation could be expected, and for each of these modes
a simple equivalent circuit could be used. It has further been determined that the times
of validity of these equivalent c¢ircuits could be definitely and conveniently established.
Convenient initial conditions have been designated and described.

The problem has been set up in this manner to illustrate the fundamental physics
involved. Since the magnetic amplifier is transient by nature any discussion disregarding
this fact would fail to present a clear picture of its operation. To understand what goes on
in “steady-state” operation one must also clearly understand the transient operation.

The following discussion will picture period by period the operation of the magnetic
amplifier in transient until the general term is recognized.

During the first half-cycle of ac voltage immediately following the application of E
4+

e fE,
hoao catiemadiae Tlnin

a2 mA (AN nwa annliachla and orill rarmain affantion 1ntil L r-v. v
i ICalClics oalulraivil. nio

fa\ n
V) alld 17T} Al © ApiiLalic 4l will L viiadll CUIITLELLYT Ul

will occur at a time t, defined by the relation:

mowma T
CUILT 1L

L ':alT
1 .
j Epde :TJ’ E,dt =4, volt-seconds.
0 e

The value E; is determined from (10). There follows in the interval (¢, w0 1/2f) a period of
conduction during which the voltage across transformer I (E,) is zero and the currents I
and I, are determined by (5) and (6). Core II in the first half-cycle has Ep across its
terminals causing it to deviate from its saturated value by an amount:
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1
F]

LY
4 = Eﬂ de + j Endt volt ~seconds.

5 T4

The value of Ejj for the nonconducting period (0 w 1,) is defined by (11) and for the conducting
period {t, to 1/2}) by (12)., The resultant changes in the core fluxes are shown in Figure 7.
This pictures the mechanism of the first (positive) half-cycle of ac supply voltage.

T T f
1 OJCI“' o i| o
A, "1 L= A =fE dt e
"% deS °e =] .
RN S 1 2)S] Mgt
WNF~ A—iﬁ'dl T:: Ll\uur-»
I'o X /En‘” i
BRI
I

CORE I : CORE II

Figure 7 - Magnetization changes during first cycle
after initiation of transient

During the second (negative) half-cycleof ac supply voltage core II will saturate at a
time t, defined by:

r Epdt = A volt-seconds.
0

That is, in order to saturate, core II must return to its saturated value and the only mech-
anism available is by releasing the volt-seconds absorbed during the previous half-cycle,
After saturation E;; becomes zero and a conducting period ensues until the ac voltage
reaches zero.

Core I meanwhile has Ey aCToss its terminals causing it to deviate from its saturated
value by an amount:

1

tg A€
J‘ Epde +j Erd =4,  volt-seconds,
0 v

where E; is defined according to (11) in the nonconducting interval @ to t,) and by (12} in the
conducting interval @, to 1/2f), The resultant changes in the core fluxes are shown in
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mechanics of the second (negative) half-cycle of ac

During the third (positive) half-cycle of ac voltage the steps of the first half-cycle are
repeated with the same equations effective, The only change is in the initial conditions,
1

i.e., instead of being —;-J- : E,. dt volt-seconds from saturation, core Iis 4, volt-seconds
L]
from saturation. The saturation will occur at a time 1, defined by:

ata
j Epdt = 2, volt-seconds.
0

Or, more generally, saturation in any odd (n- 1)et half-cycle will cccur at a time 1
defined by:

1
n-1
S Fpdi=4__  volt-seconds,
Q

Core II meanwhile has E; across its terminals and will deviate from its saturated value
in any odd (n - )st half-cycle by an amount:

f n-1
Fae dt +[ Foodt = A volt-seconds,

During the succeeding evenmh hali-cycle, saturation will occur at time t, defined by:

t

J" Ejpde=a, volt-seconds.
<

t t

.
n o1 2f
j E" dt =5 EII dt +S EI] dt .
0 [} t

n-1

However E; and Ej; have the same magnitudes during each respective part of a half-
cycle [(10), (11}, and {12)]. A gneral expression defining ¢, for any nwhalf-cycle can be
found by substituting those values for E; and Ey in the equation above. This fundamental
relation for transient operation is;

Ay
RC

! L
£ "
- TN sin wt dt  + 3 sin wt dt.
(1] N RI ]

A st

A E . 1 A

) Eael * N sin wt dt ) E,
0

[
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Since ﬁac is a known constant the bracketed coefficients may be replaced by the

following functions of E,.

[

-]
E[],

[\
>
nv
n
b
=3>
o
-
\
2l

NRI A
A Eacl. R E‘c
c
b (E ) 3
- NR,
Y

This gives:
1

F
sp wtdt + £y @c) j sin Wt dt .

!n-ll

‘n 1

FaY
f (EC)J
0

When the definite integrals are evaluated one finds:

A
sin wtdt = &, (Ec) j

o

Y FAS A N )
HEY-LEIEE)  LE)-LEY
cos Wty = A + = cos L:Jtn-1
B AEY ;(E)

or in terms of the saturation angle 8,

n-

Fa¥
eos 8 = 1- fs (ﬁc) +L(Ec) cos O, (n>1}

a Fal A A
A BE)EE) A RE) - LEY ) .
where i;(E) = £y v LEY = T . The saturation angle

for the first hali-cycle may be calculated from (13a):  cas 6, = -1, ("l-:\c)/f1 (ﬁc) .

{13a)

(13)

These preceding equations show that the saturation time or “firing angle” is directly
determined by the previous saturation time and the magnitude of the signal voltage. From
the general expressions above one can construct the transient output current as a function
of time after application of a signal voltage. Current “firing” will occur in any nth half-
cycle at the time : and the current will have instantaneous values determined by (9} for
the remaining part of the half-eycle. The angle at which saturation occurs will change
accordmg 1o (13) until such time as 6, €quals g __1; this will be the steady-state condition.
The “response time” could be defined as that number of cycles needed for the firing angle

to reach some predetermined part of its final value,

Of Currents and Time

Since firing occurs af angle 9 determined by (13) and the magnitude of current is
determined by (9), calculation of current for transient and steady-state conditions is a

relatively easy problem. The average current for any nth half-cycle is
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A
" ” ﬁ .‘_-.!'_:E- % + Ec
1 -1 ac__N d8=—1—-—-——--——-——ac N 1+ cosB
=5 ki =) | —— T R, o
en eﬂ < + R + R
N L N L

= h(ﬁc) 1+ cos sn] (transient and steady-state average current). (14)

That is, for any given amp}ifier, the output current i.s fli_rectly ;‘Jr‘oportionlg.l to
(1 + cos 8_) and to a function of E, . For any given set of initial conditions f.(E)) would
become a constant and (1 + cos 8,) would be directly proportional to the averaged _ou_tput
current. The value cos 6 can be obtained from (13) for transient conditions so it is
maccihlas tn nint tha o‘rn'-:ﬂ-n outnut current ag a function of time from known initial con-
FUDDIU&C W !JIVI- LV aAvyoi ‘15@ UL UL LW L VR EaF G 2 REMIL R ALRL WA A LLER LA RSIER dnd w

ditions. Steady-state firing angle ¢,, can be determined from (13) by settingo,_ = 8“_5 = 6, !
This will give: :

i (E,)
1- 65 (E,
A (15)

cos O, =

AN
1- L{E)

relating the steady-state firing angle 6,, and the circuit parameters, By substitution of l
this expression in place of 6, in (14) one gets i

A
1- 5 (E,)

Fa)
I, (av) = £ (E) l:l * ”"__‘K“] (steady -state average current).
1- L (E)

. . AL
Substitution of the appropriate expressions for the functions of E, gives

{2
lL (av} -(-'TT)N

i.e., the average load ampere turns equal the average control ampere turns in steady-state
operation.

%c N E; (av) (16)
R, =~ R,

As an example, a magnetic amplifier is analyzed intransient, using (14). The values:
E.. =100 volts, N = 1/2 and Ry = 50 ohms are chosen as circuit parameters. For purposes
of comparison several values of i, were chosen and the control voltage E. was adjusted
to give a constant final value of §0° for 8, 3 (1 +cos 6)) equal to unity, Steady-state current
firing at 90° is accomplished by setting cos § equal to cos 6, _ ,,and both equal to zero in
(13). This gives: 1. fs(ﬁc) =0,  the relation betweenF_and R_ for 90° firing. Initial con-
ditions are made the same as described in subsection B. The plot of these transients of
{1 + cos &) is shown in Figure 8. The time of response is measured by the time required
for(i + cos 8;) to reach 63% of its final value (shown as the dashed line in Figure 8), i

Direct calculation of response time of the series magnetic amplifier appears to be a
step-by-step process when the general solutions are involved. However, considerable
simplification of the mathematics may be attained by specifying convenient test conditions,
A steady-state firing angle of 90° will prove convenient since the expression (i-f,(E,)
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| + COSINE 8, (PROPORTIONAL TO OUTPUT CURRENT)

Figure 8 - Response characteristics, series magnetic amplifier

of (13) becomes zero. Since the time response of the simple series magnetic amplifier is

considered to be independent of the applied signal voltage this simplification seems to be
completely justified. So (13) becomes:

A
cos € * L Eycos §,,  (>1) (17

with the condition: S(E } =0, wherein E, and R_are always adjusted so that the steady-
state firing angle is 90

Substitutions of the firing angle g  for each succeeding nth half-cycle in (14) gives:

- A
A E
IL,(‘“’) = fa(E.) 1-(:2(( °)) ] (first half-cycle),
1

A L (E )
b (av) = o (E,) 1 f.@ }( )] (second half-cyele),
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A g
L (E,)

{third half-cycle),
L&)

A
I (av) = 4 (ﬁc) [h LA (k)

or generally: -

. A
A w1 A S (R )
CURE (Ec)lj- £, ‘(EK)CT(ELD (ath half-cyele).
[ -

The final steady-state current will be from Equation (17):

A A Jd .A
[Las {av) = i (Ec) 1+1 (Ec) cos 90 ] = fa (Ec).

The time of response is that time at which the output current reaches (1-1/e) of its
final value so the expression determining the nth half-cycle at which the output current
reaches this quantity is

I Py
L - (€.
—=a-h -1y fz——,f— .
Lys f, (E,)

PT) SNPRY RCH N B4

Substituting the expressions for the functions of E‘c and utilizing the conditional
equations above in this expression gives:

2 o-1 2
I-N il 1_‘ N'Ry,

1 —_— ]
R R
—

C C

N7R N°R
L L
—yt ]
Rc ﬁ(: ©
or the response time:
T 0 1 ,— In kl':;]'-'
N B (18)
"I

where;



14 NAVAL RESEARCH LABORATORY

2R, RESPONSE
L T TINE BY
EQUATION (18)
PHMS/TURNZ| GVELES CYCLES
R/ 4 [ 1.28
R/ 8 2 2.28
R/ 18 L .24
R/ 32 3 8.2l
R/ 84 18 18,18
Figure 9 - Calculated re-

ponse fime for simple series
magnetic amplifier (cycles of

As Storm* demonstrates, the response time is a
function of the resistance ratios and is quite independent
NR L\
f the transfc inductances \TR = . Substitution

of the transiormer inducia \R o

of typical values as shown in the table of Figure 9 yvields
resulting response times approximately one-fourth cycle
higher than those predicted by Storm* from his consider-

ation of the “apparent inductance” of the control circuit.

Average output current as a function of control volt-
age calculated from (16) for a laboratory amplifier is
compared with the experimental data in Figure 10. The
check is not good at values of output current approaching
amplifier maximum output since the experimental ampli-
fier has inductive impedance when saturated whereas the

~ theoretical amplifier does not.

line frequency)

Remarks

The preceding analysis has been performed with the application of only one basic
assumption. This assumption is that the transformer cores saturate completely at a very

low value of magnetizing current,

Tho noca nf a2 rantifiod cinnncnidal wraltasan ic
vadiald 1ue Uol U1l a I'edll

Aradwel

LA ODAMMOULIWAL LULIVE UL VULI-G.E‘.'- A0
hardly an assumption but rather a recognition of existing practice. The ensuing simplifi-
cation of the mathematical process is so great as to allow a direct viewing of the operation
of these amplifiers in all normal modes of operation.

Direct calculation of transients gives resp es in goo
published heretofore and the output and control currents are subjec
transformer principle” observed by all investigators in this field.

onge times i

pS
5

During the nonconducting period the control ampere turns have a minute value dependent
upon the magnetization loops. During the conducting period the control ampere turns have
a value equal to the output ampere turns, except for the ampere turns designated by the
magnetization loops,

The remarkable fact that the time of response of the series magnetic amplifier does
not depend upon the inductance of the transformers as reactors seems to be adequately
shown by this analysis.

A NEW SERIES AMPLIFIER
A Change of Function
In the previous analysis the control current during nonconduction was considered to

be such a small quantity that its existence did not affect the voltage relations. During the
conducting period the ampere turns in the output circuit, determined by (9), differed from

*Storm, H. F., “Series-Connected Saturable Reactor with Control Source of Comparatively
Low Impedance,” AIEE Technical Paper 123 (1950)
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Figure 10 - Transfer characteristic, series magnetic amplifier

the control ampere turns in magnitude only by the negligibly small magnetizing ampere
turns, It is readily apparent from these considerations that the major need for power
from the control source occurs during the conducting period.

During the nonconducting period the flux level in the two cores is altered. One core
goes through its complete flux change to core devutes
d th

saturation (10) while the other
from its saturated value according to (11}. During the conducting perio
unsaturated core deviates further from saturation according to (12).

e flux in the

This section of the report will be a study of a new type of series magnetic amplifi

L
circuit which shall be governed by the same equatxons as the simple magnetic amplifier
during the nonconducting period but which will not include the control voltage in the
equations governing the conducting period. In order to divorce the control voltage from

the circuit during periods of conduction it is necessary to biock the control voltage cir-
cuit during these periods, Thisisaccomplishedinthe exampleto he analvzed by placing

ol 1ol e A R L2 0 Yl ) L~ 0 LLT PAIlpIt W UL aliady et Uy pialliilg

a rectifier “a” in series opposition to the control voltage (Figure 11}, This means no
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Figure 11 - New series magnetic amplifier

trol source, However, since some current

is needed during nonconduction to assure
operation of the constraint imposed by the
control voltage, this minute current is sup-
plied from a “constant current” source. This
source, shown parallel to the control voltage
circuit, consists of a high impedance 7y and
a voltage Ey of sufficient value to assurea
value of current Iy, as large as any current
needed for the control circuit’s operation.

_tna- forward current may be carried by the con-
+

E
N T_

1

; N
Re

Iy

.bl _]_iE

A path for control circuit currents during the conduction periods is provided through
rectifier “b” and resistance R’ also shown parallel to the control voltage circuit.

Examination of the nonconducting period shows:

Ege = Ep + Epp {primary circuit) (3)

ac
NEy = NEjp + E..  (secondary circuit) (4)

These are the same relations as those which governed the simple series amplifier during
nonconduction,

For the conducting period (core I saturated):

Ec=Ep+IR {(primary circuit) (3)
0 = NE;;-IR'.. (secondary circuit) . (19)

These are the same relations as those which governed the simple series amplifier during
conduction with the exception that E, no longer appears.

Elimination of Ep (5) and (19) gives:

RY
EBC = ‘?\‘2_"' RL lL . (20)

The instantaneous magnitude of output current is no longer a function of the control voltage
as in (9). The control voltage may affect only the angle of firing,.

Examination of the transient operation follows as in the previous section of this report.
One finds the general expression defining the time of firing to be:

t t

A n A n-1
f(E) sin wt dt = f (B,) sin we dt + K sin wr de,
] 0 t

o1

4L
o
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where:

£

ag
NRy,
R

1+

C

When the definite integrals are evaluated one finds:

A A
cos Gn =1-H{E) + fs(EJ) cos 8“_!. (n>1} (21)
where:
A
A LEJHEK
f’, (EC) &
i (E)
A ) (f:\ y-K
fa(E,) = —_
LE)

From any set of initial conditions current firing will occur in the mb half-cycle
according to (21) and will have instantaneous value determined by (20).

Using the same initial conditions and final conditions as used in the previous section
of this report the transient response of a magnetic amplifier calculated for rise of output
current is shown in Figure 12. The calculated response for decay of output current is
shown in Figure 13. :

To check the results of caleulations with the equations developed above, a magnetic
amplifier was set up in the laboratory and its transfer characteristics and response times
predicted, Figure 14 shows a plot of the transfer characteristic obtained. The extreme
closeness of the check is not significant because a mean value was chosen for the rectifier
“b® resistance, This value was not sufficiently high at low output currents and caused the
noted deviation. At high current the effect of the amplifier’s saturated impedance has
apparently compensated for the drop in rectifier resistance below the chosen mean value.
Calculated and experimental values for response time checked within one-fourth cycle.
The calculated values on rise and decay were 0.9 and 1.25 cycles respectively; the exper-
imental values were approximately one cycle each.

As a further check on response calculations the response time for this experimental
amplifier with doubled load circuit resistance was calculated. The predicted values were
1.25 and 2.25 cycles on rise and decay respectively; the experimental values were approx-
imately 1.3 and 2.3 cycles for rise and decay respectively.

The schematic diagram of Figure 14 is electrically the same as that of Figure 11.
Electrical isolation makes the constant current source more easily obtained,
Control Currents and “Power Gain”

Current flows through the control source only during nonconducting periods. The
maximum value this current may have is determined by the constant current source.



18 NAVAL RESEARCH LABORATORY

RENT)

a Ry/N2=2R;
b n =RL
v =R(/2

-0 ao
LI |}

. b - J
—
~
-

1 1 1 1

2 3 4 9
TIME (CYCLES FROM APPLICATION OF Eg)

| + COSINE &, (PROPORTIONAL TO OUTPUT CUR

Figure 1Z - Response characieristics, new series magnetic amplifier

If the magnetization loops were vertical and perfectly matched and the rectifiers had in-
finite inverse impedance the control current would be

= average amps {22)

where Iy is set experimentally at the lowest value which will assure full amplifier output.

Using the expression above, the theoretical control current for the amplifier of
Figure 14 (with Iyy equal to 1.02 milliamperes) was calculated and is shown in Figure 15
along with the experimental results. The character of the two curves is essentially the
same. The experimental curve has smaller magnitude indicating that the practical am-
plifier does not quite possess the ideal characteristics noted in the theoretical calculation,

The relative tmportance of the factors causing this deviation is the subject of further
investigations.

The power amplification of this type of magnetic amplifier is a most unusual function,
Discussion of this factor is complicated by the facts: (a) no power is required from the
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Figure 15 - Control current characteristic, new series magnetic
amplifier

control source (power must be absorbed instead) and (b) the control current magnitude is
an inverse function of the control voltage and can be made to become zero at maximum
output power by proper choice of Iy .

If power absorbed in the control source be considered the input power and that absorbed

by the load impedance the output power the #gain” of the amplifier may be examined. One
finds this #gain® is a function of the control voltage with a range of “gain” values (for the
practical amplifier heretofore discussed) from only a few hundred at low conirol voltage
to infinity at maximum power output with a response time of approximately one cycle.
“Gain” at one-half maximum output power was approximately 5000.

The theoretical amplifier would always have a gain of infinity since Iy could be made
zero,

Remarks

One of the most interesting aspects of the preceding analysis has been the role of the
control voltage. The control source is not actively engaged in the magnetization of the
transformer cores—it has rather assumed the function of a passive circuit which is used
for a standard or measurement reference. The power needed for the operation of the
amplifier has all been drawn from the major power sources--even that power needed for
the measurement of £E,. The control circuit’s maximum current Iy is determined by the
requirements of the cores and rectifiers and seems quite independent of the other para-
meters of the circuit. With appropriate materials and circuits it is readily conceivable

AL 4 4o

that tremendous power gains may be otained with a response time of one cycle.

There are two very serious disadvantages inherent in the type of magnetic amplifier
discussed here. Reference to Figure 14 will show that the output currents do not bear a
Hinear relation to the control voltage. Further, since the ac source must supply the losses
associated with R, ', full use of the capabilities of the transformer cannot be attained.
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The net result is that, though this type of circuit configuration exhibits fast response
with high gain, it is nonlinear and has relatively low power output, for a given transformer
size. :

A NEW PARALLEL-CONNECTED MAGNETIC AMPLIFIER

An Obvious Improvement

Examination of the series magnetic amplifier has shown it to have serious limitations.
One of the most notable arises from the fact that a change in the magnetic flux level of
each core occurs during times when full output current flows in the transformer windings.
Any voltage across the transformer during these periods of conduction subtracts directly
from that voltage which is available for application to the load impedance. The gain is
high and the response time short but the transformers are quite large for any given output
and the output characteristic is far from linear.

The following section of this report will deal with an example of a type of magnetic
amplifier with self-magnetizing features similar to those previously discussed but which
does not require a change of magnetization in a conducting transformer,

An obvious method for eliminating the need for changing the flux level in a core whose
windings are carrying output current is to allow that transformer to conduct only during
alternate half-cycles and to set its magnetization level during the other half-cycles, To
accomplish this, the ac supply voltage is applied to a transformer primary winding only
during positive hali-cycles {see Figure 16a); during negative half-cycles a rectifier “b”
blocks the ac voltage from the transformer winding. In the transformer secondary or
voltage which is in series with a magnetizing voltage E,. A single winding (auto-transformer)
connection would serve for illustration but would hardly seem as versatile,

The properties the magnetizing voltage £, needs to possess are readily recognizable.
During positive half-cycles £, must prevent flow of current in the control circuit due to
voltage transformed from the primary circuit (NE_ ) and during negative half-cycles E,
must accomplish the appropriate magnetization of the transformer core, From these

considerations it is seen that £, can be e,

The output current of the single-iransformer magnetic ampiifier is of half-wave
rectified form. Full-wave rectified output is obtained by appropriate paralleling of two
single-transformer amplifiers. It is this parallel amplifier with full-wave rectified output
which will be the subject of the following discussion.

One example of this type of circuit is shown in Figure 16b. The primary or output
circuit is the same as the well-known self-saturating bridge-type parallel magnetic ampli-
fier. The transformer secondary terminals are connected in the same manner to the same

bridge-type circuit with the exception that the load impedance is replaced by the control
voltage ..

In the primary circuit the full load current flows in alternate half-cycles through core
I and core II respectively. The existence of rectifier “b” prevents the application of the
line voltage E,. to the core which is not to conduct during any particular half-cycle,
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Figure 16a - Single core magnetic Figure 16b - New parallel magnetic
amplifier amplifier

In the secondary circuit the voltages E', 1s chosen to be of the same phase as the ac
line voltage and of magnitude NE,, . The control voltage E, is again chosen as full-wave
rectified ac of line frequency and phase and with variable amplitude.

The equations which govern the circult dur

half-cycle) are:

Eec = By
NE,. - E; = NEy ,
and during negative half-cycles:
Bae = By
NE,. - E, = NE|
During periods of conduction:
Epc = LR

NE, - E. =NEy  (positive half-cycles)

-NE,_-E_ =NEy  (negative half-cycles).

This may be summarized using magnitudes as before:
(1) Either core proceeding to saturation will have
,El| - |ey] -

across its primary terminals in the appropriate direction.

E,. volts (23)

(2) Either core deviating from its saturated state will have in both the
conducting and nonconducting periods:
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- @ volts (24)

B - [E] - JEuc
across its primary terminals in the appropriate direction.

(3) Either core which is saturated will be considered to have zero volts
across its primary terminals.

(4) During conducting periods the output current will be:

E
IL = R'[a_'c . (25)

Solution of the equations above for the cosine of the angle at which firing occurs
(using the same technique and with the same assumption as in the preceding analyses)
gives:

o€,
cos 6 iN eac

1 WD . {26)

This means the firing angle for any aih half-cycle is dependent entirely upon the
control voltage of the previous half-cycle, In other words, the time for full response is
a half-cycle of ac voltage no matter what the other parameters of the circuit are.

The average output current would be:

A A
21 lEacl _ 2‘Ec _ E, {av)
Ip, (av} = -'ﬁl:—(l +cos §) = ft_Nil_Ll = N, . (27

From this it is seen that the average output current is directly proportional to the average
control voltage. Further, this output magnitude is independent of the ac supply voltage.
Changes in the line voltage will not affect these relationships so long as the output current
is below the saturation value for the amplifier setup.

Experimental Verification

An experimental amplifier using the circuit here discussed was assembled and tested.
The resulting transfer characteristic is shown in Figure 17 along with the calculated ideal
characteristic. The results nicely confirm the relationships predicted both in character
and magnitude.

The component of R, due to the rectifier impedance, is a variable whose average
value was determined experimentally from voltage measurements at one-half of maximum
output current. The minor deviations of the experimental curve from that predicted can,
to a great extent, be explained by this choice of constant rectifier impedance,
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Figure 17 - Transfer characteristic, new parallel magnetic amplifier

The output current’s independency of line voltage was checked experimentally also.
With the control voltage set at a constant value to give one-fourth maximum output current

the line voltage was reduced to 50% of nominal value with less than 10% change in output
average current.

Time-of-response measurements for the experimental amplifier show the output

current reaches the steady-state condition one~half cycle after application or removal
of control voltage,

Control Currents and “Power Gain”

At all times during amplifier operation one of the transformer cores is being caused
to deviate from its saturated condition because of the voltage relations existing in the

control circuit. If the magnetization loops (Figure 1) were vertical, the cores perfectly
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matched and the rectifiers ideal the current flow in the control circuit would be the con-
stant dc value corresponding to-one-half the width of the magnetization loop. This con-
stant dc control current would flow through the control source in the direction opposite
to the control voltage, i.e., the “control power” must be absorbed by the control source.
If, however, a constant current of the same constant magnitude were drawn from the
control source, the net current could be made ideally zero and consequently the “input
power” would be zero, allowing amplifier “gain” to be infinite.

The control current for the experimental amplifier here used is shown in Figure 18
along with the ideal characteristic. Rectifier leakage in the output circuit and nonideal
cores are easily seen to be the principal causes for the decrease in control current as
control voltage increases. It has been found that the major difficulty arises from the
rectifiers.
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Figure 18 - Control current characteristic, new parallel
magnetic amplifier

It has been experimentally determined that “gains” of more than a thousand can be
obtained at 60 cycles per second (with 100% response within a cycle) using materials now
abundantly available commercially and without compensating for control current. With
care in selection of core materials and rectifiers, “gains” of the order of 10,000 at 60
cycles per second are possible with appropriate circuitry. The response time will remain
less than one cycle. This performance is compared with today’s commercially available
magnetic amplifiers which, with similar response characteristics, exhibit power gains

in the range of 20 to 50. Operation at higher frequencies would give increasingly better
performance,

Remarks

Eliminatic'_m of t_he nec essity for magnetizing the transformer cores when a large
current .flows in their coils and the use of the control source as a passive element whose
voltage is measured has resulted in considerable improvement in magnetic amplifier
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characteristics. The obvious improvement is simultaneous availability of: short response
time, high gain, good linearity, wide output range, virtual independence of supply voltage
and good output power/weight ratios,

This approach to the magnetic amplifier problem has resulted from a recognition of
the fact that the magnetic amplifier is a voltage-sensitive device and not, as generally
believed, a current-sensitive device. The only truly independent variable is the control
voltage.

*kh
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